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• NASA TM-1075l7 both the sensor and the interconnects for sensor power and signal output. This can be very costly and time consuming. Most of this installation can be avoided by integrating the sensors and interconnects in a single, batch-fabricated process. Installation becomes, essentially, a one-step process. Instead of bonding individual sensors and interconnects to the test hardware, only a single flex-circuit containing wires and sensors is required. A sensor package of this sort has been recently developed and fabricated by Advanced MicroMachines Incorporated', This paper will discuss the calibration of a single sensor.
There are several thin-film sensor designs for measuring unsteady heat flux through a surface. These designs use either thermocouples or temperature-sensitive resistors separated by a thermal barrier. The temperature difference across the barrier is proportional to the heat flux. Typically, these thin-film gauges have sufficiently-low thermal mass for unsteady measurements'. In contrast, most conventionally-fabricated heat-flux gauges have long, thermal time constants with correspondingly poor high-frequency response, e.g., the plug-type sensor", The thin-film sensor described in this paper uses temperature-sensitive resistors covered by a thermal barrier and is built on a flexible substrate using microfabrication techniques.
The sensor was developed for low-temperature applications, e.g., shock-tunnel testing where temperatures remain below 300·C, and high-frequency measurements are necessary since the tunnel operates for only 20 to 25 msec. The thin-film resistors change temperature when heat flows normal to the surface. The
Once the substrate and resistor materials are selected, the thermal-barrier thickness is determined. If sensitivity alone is considered, then the thickest barrier which doesn't interfere with the flow should be used. However, a thick thermal barrier will have a large thermal time constant and poor frequency response. The thermal time constant is based on the thermal diffusivity of the material and the spacing between resistors as given by This implies that long, thin films with high-volume resistivity and temperature coefficient are most sensitive. The term aJPis only a function of the resistor material. It is 6.9.10-3~~n .cm/oC for aluminum; it is 8.8.10-3 for copper, and, 27.8.10-3 for platinum. Other factors influence the final choice of metal: surface temperature changes resulting from the thermal resistance and capacity of the film, adhesion of the film to the substrate, and residual stresses induced by the deposition process. temperature variation causes a resistance change which is reflected in the output voltage. With unsteady heat flux, the bottom resistor has a smaller peak-to-peak amplitude than the top resistor. At high frequency, the signal propagation depth is such that only the top resistor's temperature varies with time. This behavior makes signal processing complicated and sensor calibration essential.
Sensor Design and Construction
A typical thin-film sensor layout is illustrated in Fig.  1 . The sensor sensitivity is inversely proportional to the square root of the product of thermal conductivity, specific heat, and density of the thermal barrier. For high sensitivity, a low conductivity, density, and specific heat thermalbarrier substrate is desired. Polyimide was chosen as the most attractive substrate material. It has low conductivity, excellent thermal and mechanical properties up to 300·C, and a well-developed adhesive technology due to its wide use in strain gauges.
The material and design of the thin-film resistance thermometers must also be considered. For a resistor biased with a constant current, the temperature induced voltage change is (4) (5) where Q. is the heat flux dissipated in the film, 1 and w are the film length and width, p is the volume resistivity, and t is the film thickness. Substituting into the expression for the gauge sensitivity gives where V=IR represents the total voltage drop across the resistor. Thus, the sensitivity of the sensor is directly proportional to both its temperature coefficient and the excitation voltage. The excitation voltage is constrained by the Joule heating PR or dissipation in the film. This heat dissipation must be kept small compared to the heat flux being measured. The excitation voltage can be set by! One sensor configuration employed two pairs of resistors in a Wheatstone bridge as illustrated in where Dis the barrier thickness and a the thermal diffusivity. Above a certain frequency, the signal doesn't propagate to the lower resistor. In this design, one resistor is covered by 5000 A thick polyimide; the other is covered by 5.4 urn, This gives a frequency of 37.5 kHz, above which the bottom resistor remains at constant temperature.
The resistor layout is the final design parameter to consider. It is desirable to make the cross-sectional area of each resistor and the entire resistor combination as small as possible so that the sensor has high spatial resolution. They can't be made smaller than the minimum size dictated by the photolithography and batch processing fabrication techniques. And as shown in Eq. 4, the gauge sensitivity is proportional to the line length. Considering these restrictions, a single resistor was designed with 6 urn line widths, 6 urn spaces between lines and 360 urn by 360 urn in area for a design resistance of approximately 300 ohms. The calibration was done in an ambient-temperature environment with a radiation heat-flux source. A reference sensor was used to determine the heat flux. To insure good heat transfer from the radiation source, the sensor was blackened with a marking pen. This coating had good opacity and low thermal inertia. Ideally, the black coating would have zero reflectivity so that all the incident radiation entered the gauge; it would also have zero transmissivity so that all the radiation which entered the gauge was converted to heat. In reality, the reflectivity is not zero -some of the incident radiation is reflected; and the transmissivity is not zero -some of the radiation Fig. 3 shows an enlarged plan view of a typical sensor. The resistor pairs are matched along the diagonal. The pair with the dark band around the perimeter is covered by the thin polyimide. The entire sensor area is approximately 1.5 mm by 1.5 mm. When a uniform heat flux is applied on the surface, a temperature gradient develops inside the thermal barrier layer according to Fourier's conduction law. The resistor pair buried under the thick barrier reaches T z . The more exposed pair is at the higher temperature T}. The four resistors are arranged in the bridge so that in the ideal case of a balanced bridge (zero output voltage with zero heat flux) the output voltage is proportional to the difference between T} and T z . As will be discussed in the section on electrical theory, it wasn't possible to achieve balanced bridge in practice, since the bridge resistors were not trimmed subsequent to fabrication .. When the bridge isn't balanced, there's a temperature-dependent error term in the expression for heat flux. Therefore, a simpler design using only half the Wheatstone bridge was investigated. This sensor used only two resistors: one thick polyimide covered and one thin polyimide covered.
Resistive t em n er a tu r e ernpera ure sensors entering the sensor passes through the coating. Nonzero coating transmissivity allows some of the radiation to pass through the coating into the polyimide layer. This is a source of error since polyimide is transparent to light.
As shown in Fig. 4 , a temperature-controlled furnace was used for steady-state calibration. Embedded in the furnace walls, is a helically-shaped, wire-coil heating element the radiation source . A thermocouple measures the air temperature in the hollow cylinder . The furnace has a 2.54 em diameter opening at the bottom through which radiation escapes. To eliminate the room from the heat exchange and achieve a two-body, radiation problem, the furnace is placed as near the sensor surface as possible.
The reference gauge used during calibration was of plug-type design, as shown in For calibration, both the thin-film and the reference sensors must be under identical heat flux. The easiest way to achieve this is to create a layered structure where both sensors are on the same unidirectional thermal flow path . The thin film sensor was bonded using thermally conductive epoxy to an aluminum plate of dimensions similar to the steel plate which plate or uimensions simuar to me Steel plate wrucn holds the reference sensor. The aluminum plate holding the thin-film sensor was next mounted atop the reference sensor. This structure was attached to an aluminum block (Fig. 6) , and the block was placed in an ice bath. Thermally conductive paste was applied between these metallic parts . The assembled structure was placed under the radiation source (Fig. 4) . This layered configuration for the thin film and reference sensors was preferred to another configuration where the sensors weren't attached to each other. This second configuration required separate measurements of each sensor under the radiative source and was deemed to be less accurate than the layered approach. Also, the layered calibration setup avoids the requirement of coating both sensors with a material of the same emmissivity. This would be required for the separatemeasurement configuration to insure identical heat flux for both sensors. 
Thin-film heat flux sensor
The first setup included a He-Ne laser source with power output of 20 mW and a wavelength of 633 nm. Because the beam diameter was of 0.7 mm, compared to a 1 mnr' sensor, the entire sensor could not be under uniform heat flux. Beam expansion was attempted, but the energy density was too low for adequate output signal level. A microscope light source with a larger beam diameter was used instead. The sensor output was amplified and displayed in the frequency domain after performing an FFT. These data were used to generate Fig. 9 . During calibration, the outputs of the two sensors were recorded simultaneously using a digital voltmeter and two digital thermometers connected by a IEEE488/GPIB bus to a computer. The thin-film sensor was operated using an external, DC, constantcurrent source of 0.6 rnA. The output was amplified by a factor of ten by an off-sensor instrumentation amplifier. For the reference sensor, the thermocouple readings were referenced to O'C using an ice bath in which the junctions between the thermocouple wires and the multimeter copper wires were immersed. The thin-film sensor output versus computed heat flux from the reference gauge is shown in Fig. 7 .
Frequency Response
Frequency response calibration was done using a radiation source and a mechanical beam chopper.
NASA TM-107517 5 The mechanical chopper used a disk with 240 apertures. Chopping frequencies between 500 Hz and 8 KHz were generated. Plots of the bridge output voltage amplitude versus frequency are shown in Fig. 9 . The graphs are normalized with respect to the amplitude at 500 Hz. The results show a decreasing amplitude with increasing frequency. Theory predicts that the amplitude of the temperature variation for each of the resistors decreases according to the inverse square-root of frequency. Hence, the sensor output voltage, which depends on temperature difference between resistors, should decay in a similar fashion. The experiments were limited to a 8 kHz chopping frequency; above this frequency, the signal was too small. ReOsults could be obtained at higher frequencies with a stronger energy source.
• • approxi mately 100 Hz. Below 100 Hz, the signa l applied at the inlet boundary will be observe d at th e exit boundary. Well above 100 Hz, the exit bound ary is not sensitive to the signal at the inlet bound ary.
A square-wave, heat-flux bound ary condition wa s applied at the inlet boundary, and a constant hea t flux equal to the time averaged square wave was applie d at the exit boundary. Below 100 Hz, the signal propagation depth is of the order of magnitud e as the model length, and the constant-heat-flux exit condition fails. For all of the simulations, the temp erature variation for the two resistors were recorded and plotted. At 500 Hz, the temperature van ations of the two resistors and the temperature difference are shown in Figs . 10 and 11. As shown, the amplitude for th e thick -covered resistor is smaller than that of the thincovered resistor. Figure 12 gives the two temp eratures at 20 kHz. The temper atur e varia tion for the top resistor decreases, while the thick-layer resis tor amplitud e varia tion has reached steady state . Chopper frequency [KHz] Figure 11 . Temperature difference between the two resistors at 500 Hz. Figure 13 . Finite Element Analysi s frequency response.
Theoretical Electrical Behavior
In certain applications, this resistance imbalance may be negligible, and the sensor operated without compensa tion. In other cases, this imbalance causes an error of the same order of magnitude as the signal due to heat flux. As compensation, a balance resistor is often used with Wheatstone bridges; however, for heat transfer measurements, a balance resistor isn't effective, because there's always a temperature difference between it and the sensor resis tors. Consider the operation of a Wheatsto ne-bridge . with both current and voltage biasing . For current bias, the output voltage is Both the Wheatstone bridge and the two-resistor sensor's electrical behavior must be understood before accurate measurements are possible. In both sensor types, it is desirable to have identical resistors. This automatically ensures that the output voltage will be zero at zero heat flux . When the voltage WIll be zero at zero heat nux . W hen the resistors aren't equal, there is an offset voltage. 
In voltage bias, the output voltage is (7) I and V represent the constant current or voltage and the Rj 's are the resistances of the individ ual resistors, which are sensitive to both ambient temperature and heat flux. Define~as the resistances at the reference temperature To. Ideally, the R;o's are equal and the offset voltage V offs " equals zero with both current and voltage bias. With a heat flux, one pair of resistors will be at temperature T 1 and the other at T z , and the corresponding resistances can be found with (8) could be calculated. Thus, current biasing is a more direct determination of heat flux. 
which can be simplified to
With careful manipulation, Eq. 9 simplifies to
(10)
At the reference temperature, To, this equation becomes
The first term is exactly Eq. 15 or V offi " ; the second term is V offm multiplied by «r; Thus, Eq. 17 can be written as (17) which can be written as 
R zo + RIo+ ia; (R 2o -RIo)+ a( R 20 t; -RIoT;)
This expression can be simplified using the 
gives which shows a linear dependence of output voltage on temperature.
The same procedure can be followed for the case of voltage biasing. In this case, the output voltage (Eq. 7) can be written as
Notice, once again, there are constant terms representing the offset voltage and the reference temperature, To. There's also the error term which is a function of the sensor operating temperature.
As shown in the figure, when the two resistor s are connected in series, the voltage acros s each of th e sensors can be measured and combined as 
In this case, the output voltage is independent of senso r temperat ure . This is one advantage to voltage biasin g.
which can be written as
Now consider the simplified, two-resistor sensor.
This is the same form as Eq. 19 for the Wh eat stone bridge under constant current biasing . Once ag ain , the output voltage has a linear depend enc e on temperature. The alternative is to conside r a weighted output voltage difference according to
Conclusions
The heat flux can be expressed as
V C B V AC _ IR 2 IR,
-----------=
R 2 R, R 2 R,
Using a plug-type reference sensor, the unamplified thin-film sensor's steady-state sensitivity was found to be 1 mVIMWm-2 • A frequency response curve, up to 8 kHz, was also determined. This curve was compared to that obtained with a I-D finite-element model. Equations for a Wheatstone bridge and a tworesistor sensor were derived for both voltage and current biasing. An expression for the resistor tolerance for an error less than 10% at any given heat flux was found. In this case, the heat flux is proportional to the weighted voltage difference and independent of sensor temperature. This requires accurate measurement of the two resistances at the reference temperature. These considerations show that heat flux measurements using resistive thermometers require either resistor trimming to balance the gauge or signal conditioning to compensate for an unbalanced gauge. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1l l} 
